Rats vary in their propensity to become obese when eating a high-fat diet, but the factors that make some rats susceptible and others resistant to diet-induced obesity are unclear. Recent studies show that rats predisposed to diet-induced obesity have a preexisting deficit in fat oxidation and suggest that this impairment is due in part to reduced fatty acid oxidation in liver. To determine directly whether rats susceptible to diet-induced obesity are less able to oxidize fatty acids in liver, we measured palmitate oxidation in hepatocytes isolated from outbred Sprague-Dawley rats that were identified while still eating a low-fat diet as obesity-prone or obesity-resistant by using a new screening procedure based on the change in plasma triglyceride concentration produced by an intragastric load of a fat and carbohydrate mixture. The results showed that hepatocytes from rats thus identified as obesity-prone oxidized 44% less palmitate in vitro than did those from obesity-resistant rats. This difference in hepatocyte fatty acid oxidation is consistent with and may explain at least in part the reduced capacity of obesity-prone rats to oxidize fat. Keywords: diet-induced obesity; liver; hepatocyte fatty acid oxidation; obesity prone; obesity resistant Consumption of energy-dense diets rich in fat and carbohydrate is thought to be an important contributing cause of obesity, but the mechanisms that underlie such diet-induced obesity are poorly understood. The wide variation in weight gain associated with consumption of high-fat diets both between rats of different strains 1,2 and among rats within a strain 3,4 indicates that preexisting, genetically determined factors underlie susceptibility to diet-induced obesity. Recent studies suggest that a reduced capacity for fat oxidation contributes significantly to the propensity for diet-induced obesity in Sprague-Dawley rats. The in vivo oxidation rate of an intragastric fat load in outbred rats eating a low-fat diet is predictive of subsequent weight gain after rats are fed a highfat food. 5 Pharmacological stimulation of fatty acid oxidation reverses diet-induced obesity. 6 Sprague-Dawley rats selectively bred for susceptibility to diet-induced obesity 4 (Levin rats) and maintained on a low-fat diet also oxidize a fat load more slowly than do those bred for resistance to diet-induced obesity. 7 These inbred obesity-prone (OP) rats also have lower fasting plasma ketone bodies and reduced RNA expression for enzymes involved in hepatic fatty acid uptake and oxidation, 7 suggesting that the limited capacity for fat oxidation in OP rats is due at least in part to limited fatty acid oxidation in the liver. To determine more directly whether hepatic fatty acid oxidation is lower in OP rats than it is in obesity-resistant (OR) animals, we measured the rate of fatty acid oxidation in hepatocytes isolated from these two types of rats. In order to avoid confounding differences in food intake, weight gain and metabolism resulting from consumption of a high-fat diet, we studied hepatocytes taken from rats that had been fed only a low-fat diet. Identification of OP and OR rats can be based on known phenotypes in the case of the inbred Levin rats 4 or, in outbred rats, identification can be made post hoc following testing based on body weight gain when rats are fed a high-fat diet. 5, 6 We used outbred Sprague-Dawley rats to more closely model human populations, but, because rats do not survive hepatocyte collection, it was necessary to identify and preselect OP and OR rats before feeding a high-fat diet. Rats eating a low-fat diet can be screened for susceptibility to diet-induced obesity on the basis of urinary catecholamine excretion 8 or whole body oxidation of radiolabeled fatty acid; 5 however, the procedures and equipment involved are complicated, inconvenient and not commonly
Consumption of energy-dense diets rich in fat and carbohydrate is thought to be an important contributing cause of obesity, but the mechanisms that underlie such diet-induced obesity are poorly understood. The wide variation in weight gain associated with consumption of high-fat diets both between rats of different strains 1, 2 and among rats within a strain 3, 4 indicates that preexisting, genetically determined factors underlie susceptibility to diet-induced obesity. Recent studies suggest that a reduced capacity for fat oxidation contributes significantly to the propensity for diet-induced obesity in Sprague-Dawley rats. The in vivo oxidation rate of an intragastric fat load in outbred rats eating a low-fat diet is predictive of subsequent weight gain after rats are fed a highfat food. 5 Pharmacological stimulation of fatty acid oxidation reverses diet-induced obesity. 6 Sprague-Dawley rats selectively bred for susceptibility to diet-induced obesity 4 (Levin rats) and maintained on a low-fat diet also oxidize a fat load more slowly than do those bred for resistance to diet-induced obesity. 7 These inbred obesity-prone (OP) rats also have lower fasting plasma ketone bodies and reduced RNA expression for enzymes involved in hepatic fatty acid uptake and oxidation, 7 suggesting that the limited capacity for fat oxidation in OP rats is due at least in part to limited fatty acid oxidation in the liver. To determine more directly whether hepatic fatty acid oxidation is lower in OP rats than it is in obesity-resistant (OR) animals, we measured the rate of fatty acid oxidation in hepatocytes isolated from these two types of rats. In order to avoid confounding differences in food intake, weight gain and metabolism resulting from consumption of a high-fat diet, we studied hepatocytes taken from rats that had been fed only a low-fat diet. Identification of OP and OR rats can be based on known phenotypes in the case of the inbred Levin rats 4 or, in outbred rats, identification can be made post hoc following testing based on body weight gain when rats are fed a high-fat diet. 5, 6 We used outbred Sprague-Dawley rats to more closely model human populations, but, because rats do not survive hepatocyte collection, it was necessary to identify and preselect OP and OR rats before feeding a high-fat diet. Rats eating a low-fat diet can be screened for susceptibility to diet-induced obesity on the basis of urinary catecholamine excretion 8 or whole body oxidation of radiolabeled fatty acid; 5 however, the procedures and equipment involved are complicated, inconvenient and not commonly available. Instead, we used a relatively simple procedure based on previous observations that under certain circumstances fasting plasma triglyceride levels in low-fat-fed rats are predictive of subsequent weight gain after animals are switched to a high-fat food. 5, 6 In this case, we used the change in plasma triglyceride after intragastric administration of fat to predict susceptibility to diet-induced obesity. Below, we first describe the experiments to validate this screening method and then use this method to determine whether there is a difference in fatty acid oxidation in hepatocytes from rats predicted to be OP or OR. We certify that all applicable institutional and governmental regulations concerning the ethical use of animals were followed during this research. The methods and procedures employed were reviewed and approved by the Institutional Animal Care and Use Committee of the Monell Chemical Senses Center. Twenty male Sprague-Dawley rats, weighing 125-150 g upon arrival into the laboratory, were fed standard, low-fat chow (Group 1). The rats were handled daily for 1 week, during which time on 3 different days they were given a mock intragastric gavage in which the gavage tube was inserted into the stomach, but nothing was injected. On day 8, food was removed at the beginning of the light period. After 16 h, 200 ml of tail blood from each rat was collected into a tube containing EDTA and chilled on ice. Each rat was then immediately gavaged with a mixture of 0.5 ml corn oil and 1.7 ml polycose solution (76 g dissolved in 66.4 ml water; Abbott Laboratories, Columbus, OH, USA). This mixture contained 8.3 kcal with equal amounts of energy from fat and carbohydrate, which mirrors the proportions of fat and carbohydrate in the high-fat diet used in this laboratory. [5] [6] [7] Another 200 ml of tail blood was collected 3 h later. This interval of 3 h was chosen based on the observation that plasma triglyceride level reaches peak value at 3 h after an oil meal. 9 Plasma was obtained by centrifugation within 30 min of blood collection and stored at À80 1C until assayed for triglycerides using a commercial kit (Sigma 337-B, St Louis, MO, USA). Rats were then given a high-fat diet 4,5 to eat ad libitum and body weights recorded weekly for 4 weeks.
To determine the reliability of this screening method, the experiment was repeated with a new group of 20 rats (Group 2). In this second experiment, rats were maintained on chow for 3 weeks after arrival into the laboratory and therefore weighed more at the time of testing than did the first group of animals (267 ± 3 g vs 186 ± 2 g). In both groups of rats, there was a statistically significant inverse correlation between the change in plasma triglyceride concentration after gavage and subsequent cumulative weight gain at each of the 4 weeks during which rats were fed the high-fat diet. Figure 1 shows the relationships between the change in plasma triglyceride level and subsequent weight gain 2 and 4 weeks after rats were fed the high-fat diet. Similar correlations were found for weeks 1 and 3 for rats in the two groups (r ¼ À0.53 and À0.68, Pso0.02 and 0.001, respectively, for weeks 1 and 3 for Group 1; r ¼ À0.73 and À0.65, Pso0.001 for weeks 1 and 3 for Group 2). Thus, beyond the first week after the high-fat diet was fed, approximately 50% of the variance in body weight gain in rats eating the high-fat diet (as determined by r 2 ) could be accounted for by the change in plasma triglyceride concentration after a gastric load of fat and carbohydrate before rats were switched to the high-fat diet. Given the reliability of this screening method, we used the change in plasma triglyceride concentration after a fat load to identify OP and OR rats for comparison of hepatocyte fatty acid oxidation while rats were consuming a low-fat diet. Fifteen male rats, weighing 115-155 g upon arrival in the laboratory, were fed chow for 1 week and were then given the screening test described above. To better discriminate between rats susceptible and resistant to diet-induced obesity, the lowest and highest five rats of the group of 15 ranked for the difference in triglyceride levels before and after gavages were designated, respectively, as OP and OR. These 10 rats continued to be maintained on chow and, starting 1 week later, hepatocytes were isolated in the morning from one animal daily and prepared for measurement of fatty acid oxidation as described previously. As shown in Figure 2 , hepatocytes isolated from OP rats oxidized 44% less palmitic acid than did those isolated from OR rats (t(8) ¼ 2.83, Po0.025). This finding is the first direct evidence that OP rats oxidize fatty acids in liver less than do OR rats. This reduction in hepatocyte fatty acid oxidation is consistent with and may help explain the reduced rate of fat oxidation in vivo and the lower fasting plasma concentration of ketone bodies in inbred OP rats as compared with their OR counterparts. [5] [6] [7] The mechanism for reduced hepatocyte fatty acid oxidation in OP rats is unknown, but may involve reduced expression of the fatty acid transporter, CD36, and long-chain acyl-coenzyme A dehydrogenase, which catalyses the first step in mitochondrial b-oxidation. 7 Reduced fatty acid oxidation may play a role in diet-induced obesity by contributing to the increased partitioning of fats into storage. 7, 11 Also, because inhibition of hepatic fatty acid oxidation stimulates food intake in fat-fed rats, 12,13 reduced hepatic fatty acid oxidation may contribute to weight gain associated with consumption of a high-fat diet by driving the overeating that frequently accompanies diet-induced obesity. 6, 7 It remains to be determined whether and how differences in the response to (A) gastric fat load are causally related to those in hepatocyte fatty acid oxidation and susceptibility to diet-induced obesity. Previous studies have found a positive correlation between fasting plasma triglyceride concentrations in rats eating a low-fat diet and their subsequent weight gain when eating a high-fat food, 5 and a similar relationship was observed in the present studies (data not shown). It is Hepatocyte fatty acid oxidation H Ji and MI Friedman puzzling why fasting triglyceride levels correlate positively with susceptibility to diet-induced obesity, whereas the change in circulating triglyceride concentration after a fat load correlates in an inverse fashion. The decreased capacity of OP rats to oxidize fatty acid might result in relatively high-fasting plasma triglyceride concentrations if fatty acids mobilized from adipose tissue are reesterified instead of burned. 5 Because OP rats store ingested fat more readily than do OR animals, 11 it is possible that OP rats clear an intragastric fat load from the circulation more efficiently than do OR animals, which would result in a smaller increase in plasma triglyceride levels. More studies are required to determine whether this or other mechanisms account for the different relationships between fasting plasma triglyceride level and the change in circulating triglyceride concentrations after a fat load and subsequent weight gain. In general, however, the correlation of body weight gain with the change in plasma triglyceride concentrations are more robust than are those with fasting triglyceride levels, making Hepatocyte fatty acid oxidation H Ji and MI Friedman the former measure a better marker for predicting susceptibility to diet-induced obesity. The ability to reliably identify outbred OP and OR rats without having to feed a high-fat diet to assess weight gain should help facilitate further studies into the mechanisms responsible for the low rate of fatty acid oxidation in liver of OP rats and perhaps provide insight into the etiology of diet-induced obesity.
